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ABSTRACT: The ability to study bacteria at the single cell level has advanced our, insig 
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resistance (AMR) has become an alarming 
reat to global public health.' Consequently, 
new strategies are sought to improve the 
effectiveness of antibiotics in current clinical 
use, as well as to identify new targets for 
antimicrobial agents.*-° One challenge toward 
combatting AMR lies in the inherent 
heterogeneity of bacterial cells at the 
population levelobe it in cell growth and 
division, gene expression, or mutation 
rates.*°” This can make it challenging to 
identify new strategies to eliminate bacterial 
pathogens.®*° Fortunately, rapid progress in 
engineering technologies, including 
development of sensitive chemical probes, 
new devices for monitoring microbial growth 
imaging single cells, instrumentation, 
robotics, optics, and data analytics, along 
with synthetic biology offers new opportunities 
to address the human and animal health 


alk he emergence of bacterial antibiotic 


concerns of 
AMR. !°-13 
For example, bacterial assays with a higher 
throughput are needed that can more rapidly 
screen for AMR levels and new cellular targets 
for further interrogation. Currently, bacterial 
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evolving heterogeneity in microcolonies.'* 
Alternatively, microfluidic assays enable the 
growth of linear or monolayer colonies with 
time-lapsed imaging.'!°"!’ Three-dimensional 
culture of bacterial biofilms and aggregates 
have also been demonstrated.'®-*! However, 
the fabrication of silicon or SU8 master molds 
requires access to a clean room and advanced 
lithography equipment and is not cost- 
effective for repeated experiments.?*?-** In 
this context, droplet microfluidics is a 
promising technique for the confinement of 
single cells within individual compartments, 
each having a distinct chemical signature.*”° 


culture studies are generally performed in Petri dishes and 
multiwell plates for their simplicity, low-cost, 
and ease of handling. However, plate assays 
make it difficult to replenish media, track the 


lineage of growing cells or observe the 
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Droplet microfluidics offers the possibility of 
creating parallel droplets with iterative 
operations of merging, mixing, sorting, and 
incubation of cells for extended time 
periods.®*° However, droplet microfluidics has 
its set of challenges for bacterial studies, such 
as maintaining a stable concentration of 
oxygen and other gases, providing media 
perfusion during cell incubation, and 
minimizing cross- contamination or exchange 
of material between droplets.® In addition, 
most of the droplet microfluidics research 
uses 
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fluorescence labeling or fluorescent protein Ea 
expressing cells which limits the technology EXPERIMENTAL SECTION 


to engineered strains.® To 


overcome these limitations, resazurin bacterial 
indicator dye is used in digital droplet 
microfluidics which reduces to a_ strongly 
fluorescent resorufin molecule in the presence 
of intracellular electron receptors.’’~*° In this 
paper, we present a novel microfluidic 
platform for long-term, bacterial antibiotic 
studies that comprised a low-cost microfluidic 
device and real- time autofocusing module. (i) 
The microfluidic device was made by stacking 
multiple patterned layers (i.e., double-sided 
adhesive tape, transparency film, agarose 
membrane, and coverslip) onto the glass 
substrate (Figure 1). No silicon 
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Figure 1. Three-dimensional view of the microfluidic 
device for bacterial CRISPRi studies. (a) Device was 
constructed on a glass substrate by stacking 
multiple layers (i.e., double-sided adhesive tape, 
transparency film, agarose membrane, and 
coverslip). (b) Cross- sectional view of the 
assembled device is shown. The media or antibiotic 
solution was flown through the microfluidic 
channels which diffused into the agarose membrane 
through fluidic holes created in the transparency 
film. Thereafter, bacterial cells cultured on the 
agarose membrane were exposed to the solution. (c) 
Image of the actual microfluidic device after the 
assembly of different layers. 


microfabrication or polymer processing steps 
were used, which is appealing for wider 
adoption to microbiologists. Bacterial cells 
were immobilized on the agarose membrane 
and exposed to fresh media or antibiotics 
through side channels. (ii) The autofocusing 
module enables extended time-lapse imaging 
by self-correcting for any zdirection focal 
plane movements that can blur the recorded 
image. The module consists of a software 
script and hardware components (i.e., stepper 
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motor, micro- controller, and knob attachment) 
that monitor the focus measure of captured 
images at real-time and adjust the microscope’s 
focus as required. Multiple x—y points were 
imaged by manual positioning of the 
microscope stage using reference features on 
the agarose membrane. The combination of 
low-cost microfluidics and autofocusing module 
allowed us to observe cell growth and division, 
quantify the minimum inhibitory concentration 
(MIC), and reveal morphological changes in the 
bacteria. To facilitate identification of new 
genetic determinants of antibiotic 
susceptibility, we further tailored our system to 
achieve precise, titratable control of gene 
expression by CRISPR interference (CRISPRi). 
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tryptone, 5 g of yeast extract, 10 g of NaCl/L) was 
obtained from Thermo Fisher Scientific (catalog 
#10855021, Dubuque, IA). Fluorescein (MW 332 
mol!) was purchased from Sigma-Aldrich (Catalog 
#F2456, St. Louis, MO). A polydimethylsiloxane 
(PDMS) prepolymer and curing agent were 
obtained from Ellsworth Adhesives (Dow SYLGARD 
182 Silicone Encapsulant Clear 0.5 kg Kit, 
Germantown, WI). A high melting temperature 
agarose was purchased from Alfa Aesar (catalog 
#9012-36-6, Tewksbury, MA). The microfluidic 
devices were constructed using a glass slide 
(catalog #12-540-C, Thermo Fisher Scientific, 
Pittsburg, PA), double-sided adhesive transfer tape 
(3M, catalog #9474LE 300LSE, Maplewood, MN), 
and transparency film (Staples Inc., catalog 
#21828, Ames, IA) (Figure 1a). An upright student 
microscope (Leica DM 500) with a CCD camera 
(QImaging QICAM Fast 1394) was used to take 
images of bacterial cells (Leica Camera, Wetzlar, 
Germany) (Figure 2a). An 


Figure 2. Setup for long-term bacterial cell 
imaging. (a) Phase contrast optical microscope was 
placed inside an environmental chamber along 
with a CCD camera, temperature controller, 
objective heater, syringe pump, and autofocusing 
module. The user can remotely adjust the focus 
knob and monitor the bacterial growth on the 
computer monitor. (b) Heater fan with temperature 
controller was installed in an adjacent chamber to 
regulate the ambient temperature. A stepper 
motor, operated by a microcontroller, was attached 
to the focus knob to automatically maintain the 
focus of recorded images over long time periods. 


upright stereozoom fluorescent microscope (Leica 
MZ 16) with a 470 nm GFP filter cube and external 
light source (Leica EL 6000) were used for 
fluorescein measurements (Leica Camera, Wetzlar, 
Germany). A temperature controller (TC-1-100), 
heating plate (TC-GSH), and objective heater 
(TC-HLS-05) were purchased from Bioscience 
Tools (online vendor). The environmental chamber 
was designed in AutoCAD and constructed by 
Country Plastics (Ames, IA). A fan heater (IncuKit) 
was purchased from Incubator Warehouse (online 
vendor). The syringe pumps (KDS 250) were 
purchased from KD Scientific Inc. (Holliston, MA). 
Microfluidic Device Design and Fabrication. 
Microfluidic 

channels were designed in Silhouette Studio 
(Silhouettte America Inc., Lindon, Utah). Their 
Silhouette Cutting Machine (Silhouette Cameo 3) 
was used to scribe the adhesive tape (Figure 1c). 
The prepared tape was attached to a glass slide 
using the edge of the slide as a reference. The 
transparency film comprising input/output ports 
and fluidic holes was placed on top using the 
microfluidic channels as 
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reference (Figure 1b). Solidified PDMS was punched 
using a 4mm biopsy punch (BP40, HealthLink Inc., 
Jacksonville, FL) with each 


cylindrical PDMS piece further punched with a 1.5 mm dispensing 


needle (Jensen Global 14 Gauge, Howard Electronic 
Instrument, El Dorado, KS) to create’ the 
input/output ports. The fluidic connectors were 
placed on top of the inlet and outlet, and 5 uL of 
liquid PDMS was poured on the edge of the 
connectors. Afterward, the chip was incubated for 5 
h on a hotplate (80 °C) to fix the connectors and 
remove air gaps between layers. The microfluidic 
device was sterilized using autoclaving prior to 
conducting experiments (catalog #OAA50X120, All 
American Canner, Hillsville, VA). 


Patterning the Agarose Membrane. The mask design was 


printed on a transparency film using a wax printer 
(Xerox ColorQube 8570, Xerox Corporation, 
Norwalk, CT). Unsolidified PDMS mixture was 
prepared, poured over the printed transparency 
film, and cured on a hot plate (80 °C for 5 h) to 
complete the PDMS mold. An array of hollow circles 
(diameter = 2 cm) were cut in the double-sided tape 
and attached to the glass slide to create wells. 
Approximately 2 mg of 

agarose powder was melted in 100 mL of deionized 
water and poured over the wells to achieve a 
uniform membrane thickness. With the agarose 
solution still in the aqueous state, the PDMS mold 
was placed on top of the agarose. After 5 min, the 
PDMS mold was removed which left extrusions on 
the surface of the agarose membrane (Figure 1a). 


Generation and Optimization of a Concentration 
To verify the establishment of a chemical gradient 
in the agarose membrane, two enclosed parallel 
channels were prepared in double- sided tape that 
incorporated circular holes on their ceiling (Figure 
1a). Fluorescein solution (30 uM) was introduced 
in one channel while lysogeny broth (LB) growth 
media was introduced in the other channel (both 
flow rates = 0.02 mLh‘’). A thin agarose membrane 
was placed between the parallel channels, 
overlapping the circular holes. The device was 
positioned on a heating plate to maintain a 
constant temperature (37 °C) and fluorescence 
images were captured for 12 h at 1 h intervals. The 
two solutions diffused into the agarose membrane 
to form a steady concentration gradient. 
Fluorescence intensities were measured using 
ImageJ software and the relative fluorescein 
concentrations in the agarose membrane were 
quantified. Bacterial Strains and Sample 
Preparation. For all cell growth and antimicrobial 
susceptibility assays, derivatives of the Escherichia 
coli K-12 strain MG1655 were used. For CRISPRi 
experiments we utilized the rph* derivative of 
MG1655 BW30270 (obtained from the Coli Genetic 
Stock Center, Yale University) that was engineered 
by integrating a DNA construct where the gene 
expressing dCas9 under control of a tetracycline 
inducible promoter was integrated into the 
bacterial chromosome, as described,*’ resulting in 
strain NB125. A ColE1-like plasmid'! was 
constructed to constitutively express a single- 
guide RNA gene targeting the ftsZ gene promoter 
region and introduced into NB125 by 
transformation. For all experiments, a single 
colony was selected to inoculate 5 mL of LBina 
sterile culture tube and incubated at 37 °C for 


where g(x,y) represents the mean intensity of the 
grayscale image at position coordinates (x,y) with M 
x N pixels (Figure 3). Similarly, g(x 
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Figure 3. Working principle of the autofocusing 
module. (a) Blurring of the cell membrane under 
focused and unfocused conditions are shown (red 
circle), along with actual images of a bacterial cell 
at 100x magnification. (b) Focus measure (F) is 
calculated from the image intensities at three 
positional coordinates to estimate the blurriness of 
the current image. 


Gradient. 
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12-18 h with shaking at 250 rpm in a benchtop 
incubator. After incubation, 100 uL of E. co/i was 
diluted in 
5 mL of LB within a 15 mL culture tube, mixed 
thoroughly by vortexing, and incubated at 37 °C with 
agitation for 2 h. 
Autofocusing Module. 
was developed 
that automatically detects the loss in image focus 
and mechanically adjusts the focus knob of the 
microscope. The hardware of the autofocusing 
system consisted of a microcontroller (Arduino 
UNO), a stepper motor (ROB-09238), a motor driver 
(Adafruit 1438), and a customized gear (Digi-Key 
Corporation, Thief River Fall, MN) (Figure 2b). The 
autofocusing Matlab script initially instructed the 
camera to capture 10 images at different focal 
planes. The focus measure F of these images was 
calculated using the following equation*' 


An autofocusing module 
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+ 1,y) and g(x + 2,y) denote the mean intensities 
at position coordinates (x + 1,y) and (x + 2,y), 
respectively. The F value was maximum for focused 
images (Figure 3). After the maximum F value was 
identified, information regarding the number of 
rotational steps for the focus knob was relayed to 
the microcontroller. The stepper motor was 
actuated to rotate the focus knob. The above 
procedure was repeated periodically for the length 
of the experiment. 

Inoculation and Cell Growth in the Microfluidic 
Platform. The bacterial sample (0.1  wL) 
(approximately 1000 cells) was dispensed on top of 
the extruded agarose membrane using a syringe 
(Hamilton liquid handling, online vendor). 
Incubation for 5-10 min allowed for membrane 
absorption and immobilization of bacterial cells on 
the agarose surface. After placing the coverslip, a 
sealant (CytoBond Coverslip Sealant, SciGene, 
Sunnyvale, CA) was poured on the edge of the 
coverslip for fixation and to minimize evaporation. 
Time-lapse images of bacterial growth were 
recorded using a phase contrast 100x objective 
lens every 20 min for 10 h. The environmental 
chamber and objective heater were used to 
maintain a temperature between 36 and 37 °C. 
The LB growth media were provided to the 
microfluidic device at a steady flow rate (0.04 mL 


M-1 M-2 

N N 
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RESULTS AND DISCUSSION 


Method Validation for Cell Growth and 
Autofocused Imaging. We tracked the growth 
dynamics of single EF. co/i cells on the agarose 
membrane (in LB media) for up to 425 min (NV 
3). Consistent cell doubling’ time 
characteristic of logarithmic phase growth was 
observed throughout the time course (Figure 
4). Because variations in the focal plane can 
occur due to the weight of the objective lens, 
the autofocusing module periodically adjusted 
the depth map (the distance between the 
objects and the optical lens) to maintain the 
image focus for long time periods. 

Next, we tested the effects of antibiotics on 

the cultured 
bacteria. 6-Lactam class antibiotics are widely 
used to treat bacterial infections and function 
by inhibiting cell wall biosynthesis.*° We 
Bi csiurea ampicillin (or amoxicillin) to E. 

/ 


/ cultured with continuous delivery of LB 
wth 


medium on the agarose membrane at 37 °C. 
Over the course 

of 3 h we monitored the cell morphology during 
exposure to 

the two antibiotics (5 mg/L of amoxicillin and 
5 mg/L of ampicillin) (Figure 5). 


DOI: 
10.1021/acssensors.9b0103 


ACS 


._ 1000 wa 
2 2 
- sald 7 * 
& ee 
Y a 
10 yt y= 1.0191e°-0169x 
a 2= 
at + R2 = 0.9994 
0 100 200 300 400 


Time (minutes) 


Figure 4. Measuring F. co/i growth on the 
microfluidic platform. (a) Time-lapsed images of a 
single bacterial cell growing on the agarose 
membrane of the device for 425 min. The growth 
media was continuously provided by the microfluidic 
channels. The autofocusing module maintained the 
image focus and quality throughout the experiment. 
(b) ImageJ was used to obtain the bacterial cell 
count from the recorded images during three 
independent experimental runs. 


Shortly after the initial exposure of 
amoxicillin, bacterial growth halted. After 
continued exposure to amoxicillin, bacterial 
cell division was interrupted as evidenced by 
cell elongation, followed by cell lysis at 25 min 
(Figure 5a). This observation was consistent 
with the action of the f#-lactam antibiotics.°? 
During ampicillin exposure, we also 
observed 


distinct differences to the cell shape, including 
initial bulging at the cell wall and spheroplast 
formation by 50 min (Figure 5b). Cell lysis and 
death occurred much later in ampicillin 
(compared to amoxicillin) at 250 min 
postexposure. This experiment showed that 
the microfluidic platform was capable of 
effective administration of antibiotics, along 
with fine- resolution image acquisition to 
discern morphological changes in cells. 
Determining Antibiotic Susceptibility with 
Gradient Microfluidics. Next, we sought to 
determine MIC of ampicillin against £. coli. A 
concentration gradient of the antibiotic, if 
established in the agarose membrane, could 


directly reveal MIC levels. To quantify 
the antibiotic 
concentrations in the chemical gradient 


device, we used fluorescein as a 
representative molecule with similar 
molecular weight as ampicillin. Because the 
diffusion rates of these compounds are 
comparable, we were able to back-calculate 
the antibiotic concentrations at _ specific 
distances with respect to time. The diffusion 
rates of fluorescein through the agarose 
membrane were measured by the fluorescence 
microscope. After administration of the 
fluorescein solution to the microfluidic device, 
fluorescent time-lapse imaging revealed the 
formation of a continuous gradient over a 12 h 
period (Supporting Information S1). The 
spatio-temporal data were used to determine 
the fluorescein concentrations at various 
distances in the agarose membrane at 
different time points. These results suggested 
that ampicillin concentration gradients could 
be established in our device for the 
determination of MICs. 
To evaluate the effectiveness of the gradient 
microfluidic 
platform for quantifying antibiotic 
susceptibility, we observed 
E. coli cell morphology during their exposure to 
ampicillin over an 11 h period. Cells were first 
inoculated into three separate extruded stages 
of the agarose membrane, followed by the 
introduction of ampicillin (32 ug/mL) through 
the micro- fluidic channels. We monitored cell 
growth on the three extruded agarose stages 
for the first 5 h at 10x magnification before 
bactericidal levels of ampicillin diffused 
through the membrane. The frequency of cell 
division began decreasing by hour 5 for cells 
within the first and second extruded stages 
(Figure 6). Single-cell imaging was performed 
(100x magnification) at 3 separate distances 
within each extruded stage for the remaining 6 
h to observe morphological changes previously 
observed in response to ampicillin exposure 
(Figure 


DOI: 
10.1021/acssensors.9b0103 


ACS 


(a) 
(b) *cr ¥ > 


Figure 5. Morphological changes in the bacterial microcolonies exposed to two antibiotic solutions (i.e., 
amoxicillin and ampicillin). (a) Bacteria in early growth phase were exposed to amoxicillin solution for 2 h. 
Cell filamentation (i.e., elongation while maintaining a constant width) was observed which culminated in cell 
lysis. (b) Bacteria in the early growth phase was exposed to ampicillin solution for 2 h. This resulted in the 
formation of visible bulges within the cell bodies with eventual cell lysis. 


2644 DOI: 
10.1021/acssensors.9b0103 


ACS 


Figure 6. Measurements of the inhibitory effect of 
ampicillin. Bacterial cells were cultured on each 
extruded stage of the agarose membrane (shown in 
red within the insets). An ampicillin solution (32 
tug/mL) was supplied through the left channel while 
LB growth medium was passed through the right 
channel. A concentration gradient of ampicillin was 


established in the agarose membrane. A 10x 
objective lens was used to monitor the bacterial 
colonies on the three extruded stages every hour. A 
100x oil immersion objective lens was used to 
capture zoomed-in images of morphological 
changes at three distinct locations within each 
extruded stage. (a) First extruded stage was closer 
to left channel, and hence had higher ampicillin 
concentrations (>15 wg/mL). Images at the three 
locations (b1, b2, and b3) within the first stage 
revealed cell filamentation (up to 7 h) and eventual 
lysis (up to 11 h). (b) Second extruded stage had 
intermediate ampicillin concentrations (6.6—11.82 
ug/mL). Images at the three locations (cl, c2, and 
c3) within the second stage revealed a clear 
partition between colonies’ exhibiting cell 
filamentation or normal growth (e.g., 11.82 ug/mL). 
(c) Third extruded stage had lower ampicillin 
concentrations (<7.5 ug/mL). Images at the three 
locations (di, d2, and d3) revealed normal cell 
growth. 


5b). There was cell elongation and _ near- 
complete cell lysis in the first stage where the 
calculated ampicillin concentrations were 
greater than 16 ug/mL (Figure 6a). The second 
stage revealed a_ distinct delineation of 
cellssexhibiting bulging and_ spheroplast 
formation by hour 9 with more severe morpho- 
logical changes observed by hour 11 (Figure 
6b). In contrast, cells in the third stage 
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furthest from the ampicillin gradient displayed 
no aberrant morphologies (Figure 6c). 

Data from three independent experiments 
revealed that bactericidal effects resulted when 
the antibiotic concentration reached 11.82 
ug/mL. Previous’ studies using standard 
antibiotic susceptibility test (AST) reported 
ampicillin MICs for MG1655 E. co/i ranging 
from 8 to 16 wug/mL, which agrees with our 
findings.*° The small discrepancies in the MIC 
values between our experiments and those 
reported earlier could result from differences 
in the bacterial strain, media 
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composition, growth conditions, inoculum 
size, readout time points, and changing 
gradients over time. 

Use of CRISPRi in Microfluidics. We tested 

the feasibility 
of establishing gradients of chemical inducers 
of gene expression for the purpose of “tuning” 
the transcriptional activity over a defined 
range. For this, we incorporated CRISPRi 
technology into the gradient microfluidic 
platform to “repress” transcriptional activity 
of genes over a_ predetermined range. 
CRISPRi employs a nuclease-defective Cas9 
protein (dCas9) and programmable guide- 
RNA to target the dCas9 protein toward 
selected DNA sequences in order to block 
transcription by physically interfering with 


RNA polymerase.'' This technique holds 
several advantages over the use of 
conventional gene knock-out libraries, 


including rapid analysis of gene function 
requiring only construction of plasmid-based 
guide-RNAs, and the ability to reverse gene 
repression during time course experiments. 
CRISPRi also affords the opportunity to 
conditionally repress essential genes, 
allowing for inter- rogation of potential novel 
targets involved in AMR and susceptibility.” 

To effectively regulate expression of 
essential genes by CRISPRi requires that 
dCas9 be controlled by inducers at well- 
defined concentrations. The exact 
concentrations of inducers needed are 
difficult to determine in plate assays, 
however. Consequently, we _ utilized our 
microfluidic device to establish a gradient of 
anhyrotetracycline (aTc). This inducer of gene 
expression works by allosterically binding to 
the TetR repressor protein to prevent its 
binding to the tet operator sequences, and is 
functional in a wide variety of organisms.* 
For this study, we used the E&. co/i strain 
NB125, which was engineered to express 
dCas9 from the tet promoter element, as 
described in the Materials and Methods 
section. This strain also expressed a guide 
RNA designed to target the essential ftsZ 
gene for repression by CRISPRi.* It is well 
established that depletion of the FtsZ protein 
impairs normal cell division, resulting in 
increasing cell length and eventual cell death 
in bacteria.'*”° 

Using the microfluidic gradient device, we 
inoculated EF. co/i strain NB125 on the three 
extruded stages of the agarose membrane, 
followed by the introduction of aTc solution 
(10 ug/mL) to establish a gradient of the 
inducer. The aTc concentrations (MW: 426.4 
g/mol) on the agarose membrane were back- 
calculated from the fluorescein gradient 
curves (MW: 332.3 g/mol) (Supporting 
Information S1). We observed morphological 
changes in the cells within the first hour at 
the highest aTc concentrations (1.27 ug/mL) 
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which was consistent with the hypothesis of 
FtsZ protein depletion. Continued incubation 
in high concentrations of aTc for 3 h resulted 
in extreme cell elongation (Figure 7a, bottom 
row). Exposure to intermediate concentrations 
of aTc revealed additional morphological 
changes consistent with an inter- mediate 
state of dCas9 repression, as a more modest 
elongated morphology was observed in a 
majority of cells (Figure 7a, middle row). Low 
concentrations of the inducer, however, did 
not affect cell growth or cell division (Figure 
7a, top row). In contrast, no observable 
changes in cell shape were observed in the 
aTc gradient using cells transformed with a 
control plasmid that did not express a 
sequence specific guide-RNA (Figure 7b). The 
results of this experiment confirmed that 
incremental repression of targeted genes is 
achievable using CRISPRi in combination with 
gradient microfluidics devices. Our proof of 
concept holds promise for leveraging the high- 
throughput abilities of both microfluidics and 
CRISPRi to characterize new 
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Figure 7. in bacteria 


Morphological 
resulting from the ftsZ gene repression by CRISPRi. 
LB media was supplied through the left channel 
while the inducer solution (aTc and LB media) was 
provided through the right channel. A concentration 
gradient of the inducer was established in the 


changes 


agarose membrane. (a) Cell filamentation was 
observed in regions where the aTc concentration 
exceeded 0.7 ug/ mL. Cell division was no longer 
observed in locations where the aTc concentration 
was higher than 1.2 ug/mL. (b) Normal cell growth 
(with no inhibition of cell division) was observed in 


control experiments where bacterial cells 
expressing a nontargeting guide- RNA _ were 
exposed to aTc inducer. 

AMR _ genetic determinants and __ their 


associated phenotypes’® in a_ variety of 
microbial species, which is more challenging 
using standard culturing and microscopic 
techniques. 

This approach will allow us to address 
questions that distinguish between the 
phenomena of resistance, persistence, or 
tolerance to antibiotics.’° Specifically, these 
studies can benefit from the long-term imaging 
conditions required to characterize the system 
noise.''~'°°3. Experiments to address these 
questions can benefit from platforms where 
rapid results could be obtained in a time- and 
cost-effective manner. In _ addition, the 
available antimicrobial susceptibility test 
(AST) (e.g., disc diffusion and broth dilution 
tests) require a larger number of tests to 
determine the MIC that are costly and time- 
intensive.’* Our gradient chips provide a 
viable alternative to AST tests where a single 
run can provide results on the MIC and 
antibiotic susceptibility. The presented 
microfluidic platform could be expanded to 
study effects of combinations of chemicals 
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(i.e., inducers, bactericidal or bacteriostatic 
antibiotics, growth media)* and gene-silencing 
targets on bacterial cell growth and division 
with valuable information on their resistance or 
tolerance levels.*°’° The throughput of the 
presented platform could be improved by 
increasing the agarose membrane area, adding 
more extruded stages, and incorporating an 
automated X—Y positioning stage. Because the 
adhesive tapes and transparency films are 
scribed using a cutting machine, there is scope 
to increase the spatial area of the culture 
platform. 

Besides phenotypic growth-based testing of 
resistance, a number of rapid AST technologies 
have been recently reported 
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using DNA amplification of targeted genes, 
immunochroma- tography, and_ antibiotic 
degradation assays.°°-°° A digital real- time 
nucleic acid quantification assay was 
developed using loop-mediated isothermal 
amplification to detect bacteria in urine 
samples.*’ Optical growth of bacterial cells 
has been estimated by the use of pH 
indicators, redox indicators, luciferase phage 
indicators, ATP bioluminescence, and flow 
cytometry.*° Ultrasensitive bacterial growth 
assays have also been developed by 
incubating cells in microdroplets and using 
the matrix-assisted laser desorption ionization 
time-of-flight mass spectroscopy technique to 
analyze bacterial isolates that can hydrolyze 
antibiotics and exhibit resistance.*’ Isolation 
of bacteria from whole blood and subsequent 
profiling of growth has been accomplished by 
cell-sorting techniques such as _ inertial 
focusing .°° Whole genome sequencing has 
been used to identify single resistance 
mechanisms through measuring associated 
gene expressions levels. These genotypic tests 
are not generalizable to different pathogens 
or different mecha- nisms of resistance.*’ 
While progress in alternative AST techniques 
is indeed commendable, the phenotypic 
growth- based testing is still universally 
applicable and independent of the mechanism 
of resistance. Phenotypic ASTs_ directly 
measures the inhibition of bacterial cell 
growth by an antibiotic. Because of this 
reason, phenotypic testing has applicability in 
clinical settings where’ the © standard 
parameters are cell growth and division in 
overnight cultures. The limitations of the 
growth-based assays, as the one presented 
here, are the inherent lag time for cell growth 
and diffusion of antibiotics through 
membranes which limits the detection limit to 
few hours. As such, while our platform is not 
suited for rapid AST diagnostics where the 
desired detection time is needed within 
15-30 min, it can provide an added layer of 
validation for results obtained from existing 


rapid AST  methods.°°°°°? In addition, 
considering the costs’ of fabricating 
complicated microfluidics*® and _ using 


molecular detection tools for AST markers,°’ 
our method uses low-cost materials and 
imaging system for long-term phenotypic 
characterization of resistance which is a 
valuable attribute in resource-limited 
settings. 


EY CONCLUSIONS 


The microfluidic platform described here 
enabled real-time, 

long-term imaging of bacterial cells (single 
cells and small populations). Compared to 
silicon and PDMS microfluidics, the device 
fabrication cost is considerably low by 
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choosing inexpensive materials and cutting 
tools, which would help in the wider adoption 
of this platform for microbiology. The device 
design leveraged some of the benefits of open 
systems (i.e., Petri dishes and multiwell 
plates), fluid flow systems (i.e, PDMS 
microfluidics), and encapsulated systems (i.e., 
droplet microfluidics). A benchtop student 


microscope was modified with an 
environmental chamber and _  autofocusing 
module to allow real-time recording of 


bacterial cells for over 10 h. Continuous 
perfusion of media and antibiotics helped 
establish the desired concentration gradients 
of chemicals to observe single cell growth and 
division. Different morphological changes in 
response to varying concentrations’ of 
antibiotics were recorded that can be a rapid 
screen for antibiotic susceptibility. We further 
showed that the platform was effectively used 
for CRISPRi inhibition of cell division by 
repressing the essential ftsZ gene. This 
general approach can be used to screen for 
both essential and nonessential bacterial 
genes that enhance the effectiveness of 
antibiotics. 
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